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Nanoparticle-based mRNA therapeutics hold great promise, but cellular internalization and endosomal escape
remain key barriers for cytosolic delivery. We developed a dual nanoparticle uptake and endosomal disruption
assay using high-throughput and high-content image-based screening. Using a genetically encoded Galectin 8
fluorescent fusion protein sensor, endosomal disruption could be detected via sensor clustering on damaged
endosomal membranes. Simultaneously, nucleic acid endocytosis was quantified using fluorescently tagged mRNA.
We used an array of biodegradable poly(beta-amino ester)s as well as Lipofectamine and PEI to demonstrate that
this assay has higher predictive capacity for mRNA delivery compared to conventional polymer and nanoparticle
physiochemical characteristics. Top nanoparticle formulations enabled safe and efficacious mRNA expression in
multiple tissues following intravenous injection, demonstrating that the in vitro screening method is also predic-
tive of in vivo performance. Efficacious nonviral systemic delivery of mRNA with biodegradable particles opens up

new avenues for genetic medicine and human health.

INTRODUCTION
Recent advances in the synthesis of in vitro transcribed mRNA (I, 2)
have spurred a vast amount of research into mRNA-based gene
therapies including the development of next-generation vaccines
(3). Compared to their plasmid DNA counterparts, mRNA offers
safer and more controlled gene expression by virtually eliminating
the risk for integration into the host genome (4). mRNA delivery
could also lead to more potent expression in cell populations that
are largely refractory to DNA transfection, such as T cells, which
have been shown to mount immune responses against foreign cyto-
solic DNA (5, 6). However, because of their size and hydrophilicity,
mRNA molecules are membrane-impermeable, making safe and effi-
cient cytosolic mRNA delivery a major obstacle to their clinical utility.
Nonviral nanoparticle (NP) formulations have emerged as promising
mRNA delivery vehicles. Many lipid-based (7) and several polymeric
(8) mRNA NP systems have recently been reported for protein re-
placement (9, 10), immune modulation (11, 12), and gene editing
applications (13, 14). To fully realize the promise of mRNA thera-
peutics, NP systems must be engineered to overcome intracellular
barriers, such as cellular internalization and escape from endosomal
sequestration (15). A study of lipid NPs encapsulating small interfering
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RNA (siRNA) showed that only an estimated 1 to 2% (16) of inter-
nalized siRNA reaches the cytosol, highlighting the need for improved
nanomaterials as well as quantitative high-throughput in vitro as-
says that can measure NP performance at key delivery bottlenecks
and improve NP design.

Several image-based methods for quantifying the ability of NPs
to overcome endosomal entrapment have been reported. The most
common method is assessing the lack of colocalization of fluores-
cently labeled NPs with the pH-sensitive LysoTracker dye (17, 18),
which selectively accumulates in the acidic environment of endo-
somes. This approach is easy to use and applicable to a wide variety
of materials, but only provides an indirect assessment, as it does not
indicate effective endosomal escape or disruption. Transmission
electron microscopy (TEM) imaging is another widely accepted
method for confirming endosomal disruption and escape (16, 19).
However, this method is not amenable to high-throughput analysis,
cannot be done on living cells, and requires electron-dense labels
such as gold NPs, which could alter the properties of the native NP
system. More recently, several groups have reported the use of ad-
vanced imaging approaches such as high-dynamic range confocal
microscopy (20) or superresolution stochastic optical reconstruction
microscopy (21), which have yielded important mechanistic data
for the intracellular fate of the materials being studied, but lack the
high-throughput screening capacity required to evaluate arrays of
nanomaterials.

In this study, we used Galectin 8 (Gal8) tracking for high-throughput
image-based quantification of endosomal disruption. Gal8 is a
B-galactoside carbohydrate-binding protein that selectively binds to
glycans found on the inner leaflet of endosomal membranes (22, 23).
Using cells genetically engineered to constitutively express a Gal8-
mRuby fusion protein, we characterized the endosomal disruption
capabilities of nanocarriers by quantifying the fluorescent puncta
that formed following Gal8-mRuby clustering on damaged endosomal
membranes, building upon the Gal8 recruitment assay using
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polyethylene glycol -b-[(2-(dimethylamino)ethyl methacrylate)-co-
(butyl methacrylate)] [(PEG)]-(DMAEMA-co-BMA)] siRNA NPs by
Kilchrist et al. (24). We adapted this approach to a high-throughput,
wide-field imaging assay to simultaneously study how cellular inter-
nalization and endosomal disruption correlated with nucleic acid
delivery efficacy of biodegradable poly(beta-amino ester)s (PBAEs)
and other common materials for nucleic acid delivery. For PBAEs
specifically, we systematically varied polymer backbone hydro-
phobicity and polymer end-cap structure to probe structure-function
relationships. The predictive capacity of this dual cellular uptake
and endosomal disruption assay was compared to that of several
polymer and NP physiochemical properties such as polymer nucleic
acid binding strength, pH buffering capacity, predicted LogP value,
NP hydrodynamic diameter, and zeta potential. The effects of nucleic
acid cargo type and cell type for in vitro transfection were investigated.
In total, a library of 22 PBAEs with unique chemical structures were
screened as well as widely used commercially available transfection
reagents such as Lipofectamine 3000, polyethyleneimine (PEI), and
poly-L-lysine (PLL). Last, we examined whether our new in vitro
screening assays correlated with systemic in vivo delivery efficacy of
polymeric NPs encapsulating mRNA upon tail vein injection in mice.
The data presented here demonstrate the robustness of this image-
based dual NP uptake and endosomal disruption NP screening system
across a broad range of materials for mRNA delivery efficacy in vitro
and in vivo. Such a quantitative, high-throughput screening platform
with high predictive capacity for delivery efficacy has important im-
plications for the standardization of the optimization and testing of
novel materials for nonviral gene delivery and genetic medicine.

RESULTS
High-content imaging of NP uptake and
endosomal disruption
We engineered B16-F10 murine melanoma cells to genetically en-
code a Gal8-mRuby endosomal disruption sensor to facilitate simul-
taneous characterization of NP uptake and endosomal disruption.
NP uptake was measured by quantifying Cy5 puncta resulting from
intracellular delivery of NPs carrying Cy5-labeled nucleic acids;
endosomal disruption was measured by quantifying mRuby puncta
resulting from Gal8-mRuby clustering at damaged endosomal mem-
branes (Fig. 1A). This dual NP uptake and endosomal disruption
assay was performed in a high-throughput manner using a Celllnsight
CX7 LZR high-content imager capturing 20 fields of view per well of
a 96-well plate at 20x magnification. An image analysis algorithm
was then optimized and used to identify cells by extrapolating the
cell body surrounding Hoechst 33342-stained cell nuclei and pro-
vide puncta counts per cell (Fig. 1B). On average, intracellular
puncta count was collected for over 15,000 cells per NP formulation.
To identify the optimal time point to conduct the assay, we per-
formed a time course experiment in which B16-mRuby-Gal8 cells
were incubated with PBAE NPs for up to 30 hours and imaged at
select time points. We found that the Cy5 and Gal8 puncta counts
both peaked at 6 hours after transfection for most nucleic acid cargo
types and generally decreased thereafter (fig. S1), guiding us to per-
form this assay at 6 hours for all remaining experiments. The decreases
in Gal8 and Cy5 puncta over time are consistent with expected auto-
phagy timelines for damaged endocytic vesicles (20). We further
quantified NP uptake using Cy5 puncta count as well as the overall
Cy5 fluorescence in the cell and found that these two metrics correlated
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positively with each other (fig. S1C; Spearman’s coefficient = 0.98).
Although overall Cy5 fluorescence may take into account diffuse
fluorescent signal from NPs that have escaped into the endosome,
we elected to use Cy5 puncta count to quantify NP uptake to enable
direct comparisons between NP uptake and endosomal disruption.

Effects of PBAE backbone hydrophobicity

We synthesized two series of PBAE polymers with varying hydro-
phobic monomer content to investigate the effects of polymer backbone
hydrophobicity on NP uptake, endosomal disruption, and transfec-
tion capabilities. These were first synthesized as lipophilic PBAE
terpolymers consisting of a linear diacrylate (B7) copolymerized with
a hydrophilic amine (S90) and a hydrophobic amine (ScX) synthe-
sized via Michael addition reactions (Fig. 2). Polymer hydrophobicity
was varied in one series by incorporating hydrophobic amines of
varying lipid tail length at 30 mole percent and in a second series by
varying the molar content of the Sc12 monomer. Polymers in both
series were then end-capped with monomer E63 to create PBAE
quadpolymers, and molecular weight was found to be in the range of
4 to 10 kDa. All polymers were found to rapidly self-assemble into
NPs with plasmid DNA, mRNA, and siRNA after simple pipette mixing
in aqueous buffer. NPs encapsulating nucleic acid cargo were 100 to
400 nm in diameter, with positive zeta potential in the range of 30 to
60 mV (fig. S2).

We next assessed NP uptake, endosomal disruption, and gene de-
livery efficacy. Transfection by siRNA NPs was assessed by siRNA-
mediated green fluorescent protein (GFP) knockdown in cells
engineered to be GFP”, while transfection by DNA and mRNA NPs
was assessed by GFP expression resulting from functional delivery of
DNA or mRNA encoding the GFP gene in non-GFP" cells. All PBAE
NP formulations maintained >90% cell viability (fig. S3). In both
PBAE polymer series, increasing polymer backbone hydrophobicity
generally increased nucleic acid uptake and transfection in all three
nucleic acid modalities (Fig. 3A). The opposite was true for Gal8 en-
dosomal disruption, where the polymer containing 100% Sc12 (most
hydrophobic) resulted in half of the Gal8-mRuby puncta count com-
pared to the polymer containing 0% Sc12 (least hydrophobic). Com-
mercially available gene delivery materials were used to provide a
benchmark for the bioassays. Of the five commercially available materi-
als tested, Lipofectamine 3000 enabled the highest transfection across
all nucleic acid types, followed by 25-kDa branched PEI. Transfec-
tion with these commerecially available materials correlated positively
with endosomal disruption (Spearman’s coefficient of 0.68), and no
significant correlation with NP uptake was observed. The Gal8 puncta
counts for these materials were much lower than those achieved by
PBAE NPs even when transfection efficacy was similar, suggesting
that the two classes of materials use different mechanisms to enable
endosomal disruption.

We further assessed the predictive capacity of various polymer
and NP properties on transfection efficacy. The polymer median in-
hibitory concentration (ICsp) of nucleic acid binding, with larger
values indicating weaker nucleic acid binding affinity, correlated
negatively with DNA transfection but positively with siRNA knock-
down (fig. S4A). This may be due to the different intracellular sites
of action for each nucleic acid. Plasmid DNA needs to reach the
nucleus, and strong initial binding could facilitate nuclear trafficking
and maximize likelihood of transfection in each cell. On the other
hand, siRNA needs to be released to the cytosol to be active, and
thus, weaker polymer—-nucleic acid binding could enable quicker
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Fig. 1. Image-based analysis of NP uptake and Gal8 endosomal disruption assay. (A) Assay overview: Cells genetically encoding a Gal8-mRuby fusion fluorescence
protein exhibited diffuse cytosolic mRuby signal in the absence of endosomal disruption. Endosomal disruption caused by NPs carrying Cy5-labeled nucleic acid NPs al-
lows Gal8-mRuby to bind to intra-endosomal glycans, resulting in punctate fluorescent spots. (B) Typical field of view (taken from 80 per NP formulation) imaged by
high-throughput fluorescence microscopy of B16-F10 murine melanoma cells after 6-hour exposure to PBAE NPs carrying Cy5-mRNA. Cell identification was done using
Hoechst 33342 staining of cell nuclei. Identification of Gal8-mRuby puncta and Cy5 puncta was used to quantify endosomal disruption and NP uptake, respectively. Scale
bars, 50 um. (C) Representative distributions of the Gal8 puncta or Cy5 puncta count per cell obtained from image analysis data.

and more effective cargo release and activity. mRNA transfection
was not observed to correlate significantly with nucleic acid binding
affinity in these experiments (Fig. 3B and fig. S6). Standard biophys-
ical characterization measurements of NP size and zeta potential
showed no significant correlations with transfection efficiency
(Fig. 3C and fig. S4B). The NP-cell interactions quantified by our
new high-throughput and high-content imaging-based assay showed
that PBAE transfection generally correlated positively with NP up-
take and negatively with Gal8 endosomal disruption (Fig. 3D and
fig. S4C). The negative correlation between transfection and endo-
somal disruption levels in this series of PBAE NPs was unexpected,
although, even at their lowest, the endosomal disruption levels
achieved with the PBAE NPs were significantly higher than those
induced by the commercial gene delivery materials. Thus, all PBAE
NPs evaluated may be above a critical threshold of endosomal
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disruption capacity necessary to enable functional nucleic acid de-
livery that is at least equal to or greater than the endosomal disrup-
tion capacity achieved by commercial gene delivery materials. The
data indicated that in these experiments, endosomal disruption was
not a major transfection bottleneck for PBAEs. Empty PBAE poly-
meric NPs in the absence of nucleic acids resulted in equivalent
levels of endosomal disruption as NPs loaded with nucleic acids
(Fig. 3A). This may explain why certain PBAE NP formulations less
effective at transfection nonetheless exhibited high levels of endosomal
disruption, as these polymers may have formed a larger fraction
of empty NPs. These empty PBAE NPs could lead to a high Gal8
puncta count, indicating endosomal disruption, but would do so in
a nonproductive manner as no nucleic acids would be delivered to
the cytosol. PBAE transfection with this series of polymers also did
not correlate significantly with the polymers’ effective pK, (where
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Fig. 2. Chemical structure and characterization of PBAE NPs. (A) PBAE synthesis via two-step Michael addition reactions for linear end-capped polymers. (B) Structures
of diacrylate (B), hydrophilic side-chain (S), hydrophobic side-chain (Sc), and end-cap (E) monomers used in the synthesis of backbone hydrophobicity variation polymer
series. (C) Representative TEM image of 7-90,c12-63, 50%-Sc12, mRNA NPs formulated at 60 (w/w) with 10% DMG-PEG2k and dialyzed into PBS. Scale bar, 100 nm.
(D) Dynamic light scattering measurements of z-average NP hydrodynamic diameter and zeta potential of 7-90,c12-63, 50%-Sc12 NPs formed at 60 (w/w) and diluted into

PBS. Data are means + SD; n=3.

K, is the acid dissociation constant), as quantified in the physiolog-
ically relevant pH range (Fig. 3B and figs. S4A and S5), which also
reinforces that endosomal disruption does not depend significantly
on polymer pH buffering capacity. Other polymer properties such
as the predicted LogP value, which is a measure of polymer hydro-
phobicity, showed strong positive correlations with transfection for
all three cargo types (fig. S7B), further confirming our hypothesis
that increased backbone hydrophobicity improves polymeric gene
delivery efficacy.

Effects of polymer end groups

We next investigated the effects of polymer end-group structure on
NP uptake and endosomal disruption by synthesizing an end-group
variation polymer series. This was done by using a moderately hy-
drophobic PBAE terpolymer backbone (7-90,c12-X, 50%-Sc12) and
then independently conjugating 11 different end-group monomers
to it (Fig. 4A). Previous work by our laboratory has shown that poly-
mer end-group structure can play an important role in imparting
biomaterial-mediated, selective transfection in certain cell types
over others (25, 26) and that these effects may be due to changes in
NP uptake pathways (27). We hypothesized that our dual NP uptake/
endosomal escape assay could be useful in further ascertaining how
polymer end-group structure affects NP function in different cell
types. To test this hypothesis, and to further evaluate the robustness
of our new high-throughput and high-content bioassay, we evaluated
these polymers on three different cell types induced to express the
Gal8-mRuby construct: B16-F10 murine melanoma cells, RAW 264.7
murine macrophages, and NIH/3T3 murine fibroblasts. These cell
lines were chosen to validate our assay in a diverse range of cell types.
In particular, B16-F10 cells were included as a model cancer cell line
that is frequently used for mouse tumor studies (28, 29); RAW macro-
phages were included to investigate gene delivery to immune cells,
which many studies have demonstrated pose additional intracellular
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barriers to transfection (30, 31); and 3T3 fibroblasts were included
as a noncancerous, healthy control cell line. Our results showed highest
mRNA transfection levels in B16-F10 cells, medium transfection in
RAW 264.7 macrophages, and lowest transfection levels in NTH/3T3
fibroblasts (Fig. 4A). Endosomal disruption showed positive correla-
tions with mRNA transfection levels in RAW and 3T3 cells, but not
B16 cells, with a significant positive correlation when all three cell
lines were evaluated together (Fig. 4B). This effect is particularly no-
table for more difficult-to-transfect cell types such as RAW 264.7
and NIH/3T3 cells (Spearman’s coefficient of 0.92 and 0.67, respec-
tively), which suggests that mRNA transfection efficacy in difficult-
to-transfect cells may largely be attributable to barriers in endosomal
escape. The highest NP uptake levels were observed in NIH/3T3 cells,
which demonstrated the lowest levels of mRNA transfection, and in
general, mRNA transfection did not show significant correlations
with PBAE NP uptake among these cell types (Fig. 4C). Collectively,
these results suggest that for PBAEs with the same polymer back-
bone (and similar hydrophobicity), end-group structure plays an
important role in endosomal disruption. These results also indicate
that for these PBAEs, endosomal disruption, rather than NP uptake,
is acting as a greater bottleneck for effective mRNA delivery. Differing
levels of resistance to endosomal disruption among different cell
types may also at least partially explain the differential transfection
levels observed among these cells.

In vivo mRNA delivery: Whole-body and

organ-level expression

We next characterized the in vivo mRNA delivery capabilities of
NPs after intravenous administration of NPs encapsulating mRNA
encoding firefly luciferase (fLuc) to mice. For in vitro experiments,
NPs were formulated by admixing PBAE polymer and nucleic acid
cargo (termed PBAE NPs) to enable facile self-assembly and rapid
screening of large NP libraries. For in vivo experiments, NPs were
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Fig. 3. Validation of dual NP uptake/Gal8 endosomal disruption assay in PBAE NPs and commercial reagents delivering different nucleic acid cargos to B16-F10
cells. (A) Heatmaps summarizing NP uptake, Gal8 endosomal disruption, and transfection efficacy data. Uptake and Gal8 data were obtained from high-throughput im-
aging analysis. Transfection efficacy was assessed by flow cytometry. For DNA and mRNA delivery, GFP fluorescence intensity for each formulation was normalized to the
max fluorescence intensity across all treatment conditions. siRNA-mediated GFP knockdown was quantified by normalizing the percent GFP* cells for siGFP-treated wells
to the corresponding formulation delivering the scRNA (scrambled control siRNA) control. Data are presented as the mean of four replicate wells. Transfection efficacy of
NPs formed with PBAE polymers encapsulating mRNA was plotted against common predictor readouts such as (B) various polymer characteristics, (C) NP properties,
and (D) NP-cell interactions. Correlation significance was assessed for PBAE NPs using Spearman’s method, and datasets with statistically significant correlations were

indicated with fitted lines. Data are means + SD; n =4. n.s., not significant.

formulated with the PEG-lipid DMG-PEG2k (1,2-dimyristoyl-rac-
glycero-3-methoxypolyethylene glycol-2000) and dialyzed in phosphate-
buffered saline (PBS) (termed PBAE + PEG-lipid NPs; Fig. 5A).
PEG-lipids were added to PBAE NP formulations to enhance NP
serum stability, and previous studies have shown that incorporation
of PEG-lipids into related PBAE NPs improved in vivo mRNA ex-
pression (32, 33). PEG-lipids are a common component in gene de-
livery NPs and have most recently been used in coronavirus disease
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2019 (COVID-19) mRNA vaccines (34). Previous studies demon-
strated that in lipid NPs delivering siRNA, PEG-lipids containing
alkyl chains with greater than 14 carbons inhibited hepatic siRNA
delivery due to inadequate lipid desorption from NPs (35); thus,
DMG-PEG2k (containing 14 carbon alkyl chains) was used in our
studies. Incorporation of DMG-PEG2k into the PBAE quadpolymers
was observed to decrease NP size and neutralize surface charge.
PEG-lipid coating did not significantly change transfection efficacy
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in vitro, although NP uptake and endosomal disruption were re-
duced. Upon in vivo administration, PEG-coated and dialyzed NPs
enabled significantly higher mRNA expression compared to NPs
without PEG coating, and this increased expression was predomi-
nately due to increased expression in the liver (fig. S8).

Four polymers with 0 to 80% Sc12 content in the polymer back-
bone and five polymers with different polymer end groups were
chosen to assess the effects of polymer backbone and end-group
structure on in vivo expression. On the whole-body level, increased
backbone hydrophobicity generally resulted in increased mRNA ex-
pression (Fig. 5, B and C, and fig. S9), while polymer end-group
variation resulted in differential in vivo expression levels (Fig. 5D
and fig. S10). Overall in vivo expression correlated positively with
in vitro transfection of B16-F10 cells (Fig. 5E) but did not correlate
significantly with NP uptake or endosomal disruption as measured
by our dual Cy5/Gal8 assay (fig. S11), indicating that in vitro screening
had limited predictive capacity for in vivo performance with these
nanomaterials. At the level of individual organs, increasing back-
bone hydrophobicity increased expression in all of the organs eval-
uated (Fig. 5F), while polymer end group played a major role in
targeting NP expression to specific organs (Fig. 5G). When expres-
sion in the lungs and spleen was normalized to that in the liver,
polymer E1 showed preferential expression in the spleen, polymer
E63 showed preferential expression in the liver, polymer E58 showed
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preferential expression in the lungs, and polymer E39 was almost
equally split between the lungs and spleen (Fig. 5H). To assess the
in vivo safety profile of mRNA NPs, liver aspartate aminotransferase
(AST), and alanine aminotransferase (ALT) levels were measured at
24 hours and 7 days following a single intravenous NP administra-
tion, and body mass was monitored for 7 days (fig. S12). PEG-lipid-
coated 7-90,c12-63, 80%-Sc12 NPs were used, as this was one of the
most effective formulations for in vivo mRNA expression and was
used for all subsequent experiments. NP administration did not re-
sult in elevated liver enzymes or significantly decreased body mass.

In vivo mRNA delivery: Expression in different cell types

We further probed the cell populations that were transfected in each
organ using the Ai9 mouse model, which contains a floxed expres-
sion stop cassette upstream of a tdTomato reporter gene. NPs
encapsulating Cre mRNA were administered via tail vein injection
into Ai9 mice, and transfected cells underwent Cre-Lox recombina-
tion, resulting in tdTomato expression that was measured by flow
cytometry 3 days after injection (Fig. 6A). For this study, we used
7-90,c12-63, 80%-Sc12 NPs as they were found to enable high
in vivo mRNA expression levels from fLuc mRNA experiments. We
found that 7-90,c12-63, 80%-Sc12 NPs systemically administered
transfected nearly 0.2% of the cells in the spleen, 2% of the cells in
the liver, and 4% of the cells in the lungs, with minimal transfection
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Fig. 5. In vivo validation of PEG-coated PBAE NPs delivering mRNA. (A) Schematic depicting the experimental workflow. PBAE polymers were dialyzed with fLuc
mRNA and the PEG-lipid DMG-PEG2k in PBS to form PEG-coated mRNA NPs, which were administered intravenously (l.v.). fLuc expression was assessed 24 hours after NP
injection. (B) Whole-body bioluminescence was assessed for NPs formulated with PBAEs with differential backbone hydrophobicity and (C) representative IVIS images
(N =3). (D) Whole-body bioluminescence quantification for NPs formulated with 50%-Sc12 PBAEs with different end groups (N =4). (E) In vivo transfection efficacy [from
(B) and (D)] was plotted against in vitro transfection in B16 cells. Spearman’s correlation was used to measure the strength of association between the two variables. Organ
bioluminescence in the most highly expressing organs when varying (F) polymer backbone hydrophobicity (blue triangles below organ labels indicate increasing back-
bone hydrophobicity) and (G) polymer end-group structure. Statistical significance was determined using one-way ANOVA with Dunnett’s post hoc analysis comparing
against the least hydrophobic polymer (0% Sc12) in (B) and (F) and against end-group E63in (D) and (G). *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001. (H) The
organ targeting index as calculated by normalizing bioluminescent flux in each nonliver organ against that of the liver was calculated for the lungs and spleen in
high-expressing polymers of the polymer end-group variation series (E7 was excluded because of minimal expression observed). Dotted black line indicates liver expres-
sion level. N=4. Data are means + SD in all bar graphs.

levels seen in any of the other organs evaluated (Fig. 6B). Over 20%  DISCUSSION

of endothelial cells in the lungs were transfected following systemic ~ To realize the full therapeutic potential of mRNA therapeutics, a
injection, which is consistent with previous reports for related PBAE  high-throughput, standardized NP screening platform capable of
structures (32), in addition to significant populations of macro- quantitatively evaluating intracellular delivery steps with great pre-
phages and dendritic cells in the lungs (Fig. 6C). Endothelial cells  dictive capacity for transfection efficacy is needed. In this study, we
also made up a large fraction of the transfected cells in the liver developed a high-throughput, high-content, imaging-based screening
(33%) and spleen (23%) (Fig. 6D). platform designed to simultaneously assess the cellular internalization
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Fig. 6. Assessment of in vivo mRNA transfection in different cell types. (A) Experimental workflow: Ai9 mice were injected with PEG-coated 7-90,c12-63, 80%-Sc12
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sented as means + SD in bar graphs.

and endosomal disruption capabilities of nucleic acid delivery NPs,
requiring only wide-field, epifluorescence microscopy to enable full
assessment of the cytosolic compartment. This bioassay was devel-
oped to be implemented in multiwell plates, enabling the evaluation
of many intracellular events per cell, in thousands of replicate cells
per condition, with up to 96 conditions per plate. Endosomal se-
questration has long been identified as a major bottleneck to func-
tional RNA delivery in multiple NP systems (36, 37), but quantitative
evaluation of endosomal disruption has been limited to low-throughput
imaging methods requiring specialized microscopy modalities (16, 21).
We used a genetically encoded endosomal disruption sensor based
on the natural clustering of Gal8 molecules at damaged endosomal
membranes to detect NP-induced endosomal disruption quantified
at the level of intracellular events within single cells. Simultaneously,
cellular internalization of NPs could be tracked by delivering nucleic
acids labeled with a different fluorophore. We hypothesized that
this dual NP uptake and endosomal disruption assay could provide

Rui et al., Sci. Adv. 8, eabk2855 (2022) 5 January 2022

useful information on structure-function relationships when used
to screen several NP gene delivery systems.

We used two series of PBAE quadpolymers to validate this screen-
ing platform. PBAEs are cationic, biodegradable polymers that have
been shown to be highly effective at in vitro delivery of plasmid
DNA (38), siRNA (39), mRNA (32), and protein cargos (40). The
highly modular nature of these polymers facilitates combinatorial
library synthesis via Michael addition of small-molecule precursors,
making it possible to systematically vary polymer backbone or end-
group characteristics to directly probe the effects of incremental
differential polymer structural changes on downstream nucleic acid
delivery efficacy. The PBAE quadpolymer is the majority compo-
nent of all our NP delivery formulations, including systemically
administered in vivo formulations, which have 10% PEG-lipid in-
corporated as a second component, without the presence of other
lipids or cholesterol. This approach differs significantly from many
previously studied lipid-based NP systems, in which the NP formulation
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was changed primarily by varying the ratios of incorporated lipids
(41) or the structure of the ionizable lipid in an NP system consist-
ing of multiple lipid components (11).

Two polymer series in which polymer backbone hydrophobicity
was modulated by varying the content of lipophilic side-chain
monomers were synthesized to probe the effect of polymer back-
bone structure on cellular interactions of polymeric NPs. Tradition-
al metrics of predicting NP function, such as polymer nucleic acid
binding affinity, endosomal pH buffering potential, NP hydrody-
namic diameter, and zeta potential, generally correlated poorly with
functional delivery efficacy of multiple nucleic acid cargos, high-
lighting the need for new metrics for rapid and meaningful NP
screening. The dual NP uptake and endosomal disruption assay pre-
sented here showed significant correlations with transfection effica-
cy for all nucleic acid cargos tested. NP uptake correlated positively
with transfection (global r = 0.55, P < 0.001). Endosomal disruption
correlated negatively with transfection for these PBAE NPs (that
each had greater endosomal disruption capacity than that achieved
by the commercial gene delivery materials) (r = —0.57, P < 0.0001).
The negative correlation with endosomal disruption is unexpected
but may be attributed to the formation of polymer-only NPs that do
not contain nucleic acid cargo. Amphiphilic PBAEs like the ones
presented in this study have been reported to form polymer-only
micellar NPs without any nucleic acid (42). Thus, PBAEs that are
effective at endosomal disruption, but not efficient at leading to
transfection, may be forming large populations of polymer-only
NPs empty of nucleic acid cargo. When these polymer-only NPs are
internalized by cells, they could enable endosomal disruption, re-
sulting in high Gal8 counts but low transfection. When this dual NP
uptake/Gal8 endosomal disruption assay was applied to commercial
gene delivery materials such as Lipofectamine 3000, branched and
linear PEI, and PLL, endosomal disruption as indicated by Gal8
puncta count was significantly lower for all of these commercial ma-
terials than the PBAE NPs, which, for the most part, also resulted in
lower transfection efficacy compared to PBAE NPs. Transfection of
these positive control materials correlated positively with endosomal
disruption for all cargo types (global r = 0.68, P = 0.02). Together,
our data show that a threshold for endosomal disruption, as defined
by the amount achieved by the most effective commercial trans-
fection reagent Lipofectamine 3000 (=2 Gal8 puncta per cell in
B16-F10 cells), must be reached in order for gene delivery to effi-
ciently occur. PBAE NPs generally enabled endosomal disruption
levels significantly above this threshold in the B16-F10 cells evaluated
here and resulted in generally high transfection levels, while com-
mercial materials such as linear PEI and PLL enabled endosomal
disruption levels below this threshold and consequently showed
negligible transfection levels. The lack of high transfection of PBAE
NPs across the board indicates that delivery obstacles further down-
stream (such as intracellular trafficking or cargo release) may pose
significant delivery challenges for some of these materials.

Previous studies have shown that the structure of PBAE polymer
end groups can significantly alter the transfection efficacy of the
backbone polymer and impart biomaterial-mediated selectivity in
transfection of certain cell types (25-27). We synthesized a polymer
series with a common backbone but varying end-group structure
and evaluated mRNA delivery efficacy on three cell lines. The endo-
somal disruption levels of these polymers had positive correlations
with transfection efficacy, which were strongest in more difficult-to-
transfect cell lines as indicated by Spearman’s coefficients (r) that
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are closer to 1: r = 0.93 for difficult-to-transfect RAW 264.7 cells but
r = 0.47 for easier-to-transfect B16-F10 cells. Differences observed
in transfection efficacy were not attributable to polymers’ pH buffer-
ing capabilities, which varied with backbone structure but were gen-
erally unaffected by end-group structure. Even in the 7-90,c12-63, X%
alkyl side-chain polymer series, in which the effective pK, decreased
with increasing hydrophobic Sc12 content in the polymer back-
bone, the correlation between pH buffering and transfection effi-
cacy was poor. This is in contrast to an observation recently reported
by our group with hyperbranched PBAEs, where increasing poly-
mer branching by incorporation of a triacrylate monomer in the
backbone increased both effective pK, and transfection (38), suggest-
ing that different classes of PBAE polymer structures can enable en-
dosomal escape via differing mechanisms. In the case of the linear
lipophilic PBAE quadpolymers, the endosomal disruption mecha-
nism may rely on the lipophilicity of the polymers, causing them to
associate with and directly interact with the endosomal membrane,
where the charged polymer end groups may cause transient pore
formation that leads to NP leakage out of damaged endosomes,
similar to that observed with lipid materials (16, 37), rather than
acidic buffering-induced complete endosomal rupture as proposed
by the proton sponge hypothesis (21). NP uptake of the end-modified
linear PBAEs did not correlate significantly with mRNA transfection
efficacy (r = 0.11, P = 0.73), although a significant positive correla-
tion was observed when PBAE NPs carrying each of the three nucleic
acid cargos were analyzed globally (global r = 0.55, P < 0.001). Col-
lectively, our data suggest that endosomal escape is the primary
barrier in mRNA delivery to more difficult-to-transfect cells and
that the differential gene delivery efficacy mediated by polymer end
groups is largely due to their ability to facilitate endosomal disruption.

Last, we validated these PBAE NPs for in vivo mRNA expression
following tail vein injection into mice. NPs formulated by simple
mixing of mRNA and polymer in aqueous buffer yielded significantly
lower transfection, particularly in the liver, than similar formulations
with 10% PEG-lipid dialyzed into the NPs. Using dialyzed PEG-coated
formulations, we saw that in vivo mRNA expression levels correlated
strongly with in vitro transfection efficacy in B16-F10 cells. Specifi-
cally, top performers from in vitro screens such as 7-90,c12-63,
80%-Sc12 NPs resulted in high in vivo mRNA expression, while for-
mulations that enabled low in vitro transfection such as 7-90,c12-7,
50%-Sc12 (E7) NPs resulted in minimal in vivo expression. No sig-
nificant correlation was found between in vivo expression and NP
uptake or endosomal disruption from in vitro screening. This was
not unexpected as many obstacles need to be overcome before suc-
cessful transfection can occur, making delivery mechanisms several
steps upstream of transfection unreliable indicators of in vivo gene
delivery. Together, these data show that in vitro screening of these
polymeric materials has a predictive capacity that is rare in large li-
brary screens of lipid materials (43). Increasing polymer backbone
hydrophobicity increased whole-body mRNA expression in gener-
al, following trends that we observed in vitro, and which could also
be due, in part, to improved incorporation of PEG-lipid in hydro-
phobic formulations that could lead to more stable NPs in the blood
(33). Similar to differential transfection of various cell types in vitro,
polymer end-group variation also led to tuning of organ tropism
in vivo. Unlike most lipid NP formulations that have been demon-
strated to predominantly target liver hepatocytes (44, 45), the four
top performing NP formulations from the in vitro mRNA transfec-
tion screens in the end-group variation polymer series exhibited
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alternative patterns of expression in nonliver organs, with preferen-
tial transfection in the lungs and/or spleen. Particularly, high expres-
sion was seen in the lungs for most formulations, which is consistent
with previous reports by Kaczmarek et al. (32) using related PBAE
lipid-polymer NP formulations for mRNA delivery. Within each organ,
multiple cell types were transfected, including endothelial cells, B cells,
and macrophages, all of which have distinct clinical relevance. The
lipophilic side chains of the polymers enabled the PEG-lipid DMG-
PEG2k to be easily incorporated into NP formulations via dialysis,
which increased in vivo expression by an order of magnitude com-
pared to NPs without PEG-lipid coating despite slightly lowering
in vitro transfection. Cheng et al. (46) recently reported that incor-
poration of selective organ targeting molecules at defined ratios en-
abled highly targeted mRNA expression in select organs and that
these molecules maintained their organ targeting capabilities across
multiple lipid NP platforms. This suggests intriguing future direc-
tions where an innate organ tropism of PBAE NP formulations could
perhaps be combined with other technologies to enhance selective
organ targeting and potentially cell type-specific targeting.

In summary, we have reported a high-content high-throughput
quantitative imaging assay capable of simultaneously quantifying NP
uptake and endosomal disruption. This assay is robust, has higher
predictive capacity for in vitro mRNA delivery efficacy compared to
conventionally used metrics of polymer or NP properties, and can
be performed with ~100 NP formulations in a few hours. Assay
validation using PBAE NPs elucidated structure-function relation-
ships through incremental changes in both the polymer backbone
and end groups for these highly modular polymers. Moreover, we
showed that this assay is generally applicable across all major nucle-
ic acid types, several different cell lines, and multiple gene delivery
systems. The NP screening platform presented here can be a useful
tool for high-throughput identification of promising candidates for
gene delivery and further elucidation of structure/function relation-
ships for the delivery of DNA, siRNA, and mRNA. Lead nanomaterials
composed of PBAE quadpolymers demonstrated safe and effective
delivery of mRNA in vivo, including organ-targeted expression based
on polymer structure. PEGylated PBAE NPs enabled significant exoge-
nous mRNA expression differentially to the liver, lung, and spleen.
Critically, nanomaterial formulations identified as lead candidates
in vitro also performed well for in vivo mRNA delivery following
systemic intravenous injection. Such a broadly applicable screening
method provides a new metric for nanomaterial characterization,
which is important for directly comparing and contextualizing the
myriad NP systems that have been reported in the burgeoning field
of intracellular gene delivery. With further study, the PBAE-based
materials investigated here may be promising for mRNA delivery to
promote human health.

MATERIALS AND METHODS

Materials

Bisphenol A glycerolate (1 glycerol/phenol) diacrylate (B7; CAS
4687949), 4-(2-aminoethyl)morpholine (S90; CAS 2038-031), octyl-
amine (Sc8; CAS 111-86-4), 1-decylamine (Sc10; CAS 2016-57-1),
oleylamine (Sc18; CAS 112-90-3), 1,3-diaminopropane (E1; CAS
109-76-2), tetraethylenepentamine (E31; CAS 1112-57-2), N,N-
diethyldiethylenetriamine (E58; CAS 24426-16-2), tris(2-aminoethyl)
amine (E32; CAS 4097-89-6), 2-(3-aminopropylamino)ethanol
(E6; CAS 4461-39-6), 4,7,10-trioxa-1,13-tridecanediamine (E27; CAS
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4246-51-9), and 1-(2-aminoethyl)piperazine (E39; CAS 140-31-8)
were purchased from Sigma-Aldrich (St. Louis, MO). 1-Dodecylamine
(Sc12; CAS 124-22-1) and 1-(3-aminopropyl)-4-methylpiperazine
(E7; CAS 4572-031) were purchased from Alfa Aesar (Tewksbury,
MA). Tetradecylamine (Sc14; CAS 2016-42-4) and hexadecylamine
(Sc16; CAS 143-27-1) were purchased from Acros Organics
(Pittsburgh, PA). Diethylentriamine (E63; CAS 111-40-0) was
purchased from EMD Millipore (Burlington, MA). 3,3’-Iminobis
(N,N-dimethylpropylamine) (E56; CAS 6711484) was purchased
from Santa Cruz Biotechnology (Dallas, TX). 1,4-Bis(3-aminopropyl)
piperazine (E65; CAS 7209-38-3) was purchased from MP Biomedicals
(Solon, OH). Plasmid eGFP-N1(Addgene 2491) was purchased from
Elim Biopharmaceuticals (Hayward, CA) and amplified by Aldevron
(Fargo, ND). Cy5-labeled plasmid DNA was synthesized following a
method reported by Wilson et al. (47). 5-Methoxyuridine-modified
CleanCap eGFP mRNA (L-7201), fLuc mRNA (L-7202), and Cy5-
labeled mRNA (L-7702) were purchased from TriLink Biotechnologies
(San Diego, CA). Negative control siRNA (1027281) was purchased
from Qiagen (Germantown, MD). GFP siRNA targeting the sequence
5'-GCAAGCTGACCCTGAAGTTC-3" (P-002048-01) was purchased
from Dharmacon (Lafayette, CO). Cy5-labeled siRNA (SIC005) was
purchased from Sigma-Aldrich (St. Louis, MO). Plasmid DNA en-
coding a Gal8 fluorescent fusion protein was a gift from the labora-
tory of C.Duvall and cloned into a PiggyBac transposon vector
(PB-mRuby3-Gal8, Addgene #150815) for stable integration into
mammalian chromosomal DNA.

Polymer synthesis

Polymers were synthesized using previously reported protocols (38).
Briefly, diacrylate monomer B7 and side-chain monomers (S90 and
combinations of ScX monomers) were dissolved at 600 mg/ml in
dimethylformamide and reacted with stirring for 48 hours at 90°C
to allow polymerization via stepwise Michael addition reactions.
Monomers were reacted at an overall vinyl:amine ratio of 2.3 to allow
acrylate-terminated polymers to form. Polymers were end-capped
by further reaction with primary amine-containing E monomers at
room temperature for 2 hours [polymer (200 mg/ml) and 0.3 M
E monomer in tetrahydrofuran (THF)] and purified by two diethyl
ether washes. Diethyl ether was decanted and dried thoroughly un-
der vacuum, and polymers were dissolved in dimethyl sulfoxide at
100 mg/ml and stored at —20°C with desiccant in single-use aliquots.

Polymer characterization

Polymer molecular weight was characterized using gel permeation
chromatography (GPC) against linear polystyrene standards (Waters,
Milford, MA). Polymers were dissolved in butylated hydroxytoluene
(BHT)-stabilized THF and filtered through 0.2-um polytetrafluoroethylene
(PTFE) filters before GPC measurements. Predicted polymer LogP
values were calculated using the online cheminformatics software
molinspiration.com.

Polymer buffering capacity and determination

of effective pK,

pH titrations were performed using a SevenEasy pH meter (Mettler
Toledo, Columbus, OH) as previously described (38). Briefly, 10 mg
of polymer was dissolved in 10 ml of 100 mM NaCl acidified with
HCI and titrated from pH 3.0 to pH 11.0 via stepwise addition of
100 mM NaOH. To calculate the effective pK, of the polymer in the
physiologically relevant pH range (pH 5 to 8), normalized buffering
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capacity was calculated from titration data as A(~OH)/A(pH) for
each titration point. Effective pK, was defined as the pH point cor-
responding to the maximum normalized buffering capacity.

Nucleic acid binding assays

RiboGreen nucleic acid binding dye (Invitrogen, Carlsbad, CA) was
mixed with nucleic acids in 25 mM magnesium acetate buffer
(MgAc,, pH 5.0) at a final nucleic acid concentration of 5 ug/ml
(siRNA), 2.5 ug/ml (mRNA), or 1 ug/ml (pDNA) and a final 1:2000
RiboGreen dilution. Polymers were dissolved and serially diluted to
a range of concentrations in MgAc;, and 25 ul of polymer solution
was mixed with 75 ul of nucleic acid/RiboGreen solution per well in
96-well black bottom assay plates. The solutions were incubated at
37°C for 20 min before fluorescence readings were taken on a Biotek
Synergy 2 fluorescence multiplate reader (BioTek, Winooski, VT).
To characterize nucleic acid binding affinity, the polymer ICs, of binding
(polymer concentration at which 50% of RiboGreen fluorescence is
quenched by RiboGreen displacement from polymer binding to nucleic
acids) was calculated by plotting percent fluorescence quenching as
a function of polymer concentration and fitting a sigmoidal curve
to the data. Polymer ICs, of binding varies inversely with bind-
ing affinity; lower ICsg values indicate higher binding affinity.

NP formulation and characterization
For in vitro studies, NPs were formulated in 25 mM magnesium
acetate buffer (MgAc;, pH 5) and added directly to cells without the
addition of PEG-lipids or dialysis. Polymers and nucleic acids (plasmid
DNA, mRNA, or siRNA) were dissolved separately in 25 mM MgAc; at
concentrations of 0.83 ng/ul for nucleic acids and 50 ng/ul for polymers
and mixed together via pipetting at a 1:1 volume ratio. NPs were al-
lowed to self-assemble for 10 min at room temperature; the polymer-to-
nucleic acid ratio was 60 by weight (60, w/w) for all experiments.
NP hydrodynamic diameter was measured via dynamic light
scattering using Malvern Zetasizer Pro with universal dip cell
(Malvern Panalytical, Malvern, UK). Samples were prepared in
25 mM MgAc; and diluted 1:6 in 150 mM PBS to determine NP
characteristics in neutral isotonic buffer. Zeta potential was measured
by electrophoretic light scattering on the same instrument. TEM im-
ages were captured using a Philips CM120 transmission electron
microscope (Philips Research, Cambridge, MA). NP samples (30 ul)
were allowed to coat 400-square mesh carbon-coated TEM grids for
20 min. Grids were then rinsed with ultrapure water and allowed to
fully dry before imaging.

Cell culture and cell line preparation

B16-F10 murine melanoma and RAW 264.7 murine macrophage
cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM;
Thermo Fisher Scientific, Waltham, MA) supplemented with 10%
fetal bovine serum (FBS) and 1% penicillin/streptomycin. GFPd2"
B16-F10 cells used in siRNA knockdown experiments were estab-
lished previously (40) and cultured using the same medium. NIH/3T3
murine fibroblasts were cultured in DMEM supplemented with
10% bovine calf serum and 1% penicillin/streptomycin. Cells were
induced to constitutively express the Gal8-mRuby fusion fluores-
cent protein construct using the PiggyBac transposon/transposase
system. The PiggyBac transposon plasmid carrying the Gal8-mRuby
gene was created using restriction enzyme cloning and is available
on Addgene (plasmid #150815). The transposase expression plasmid
(PB200A-1) was purchased from System Biosciences (Palo Alto,
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CA). The transposon plasmid was cotransfected with the PiggyBac
transposase plasmid using PBAE NPs as described below. mRuby”
cells were isolated using at least two rounds of fluorescence-assisted
cell sorting using the Sony SH800 Cell Sorter (Sony Biotechnology,
San Jose, CA) to generate stably expressing cell lines.

Transfection

Cells were plated at 10,000 cells per well in 100 pl of complete medium
in CytoOne 96-well plates (USA Scientific, Ocala, FL) and allowed
to adhere overnight. NPs were formulated following the in vitro
transfection formulation described above; 20 ul of NP solution was
added to 100 pl of fresh complete medium, and NP medium mix-
ture (120 ul per well) was used to replace the culture medium. For all
in vitro transfections, NPs were formulated at 60 (w/w) delivering
50 ng of nucleic acids per well. For cellular uptake experiments, 20%
of the total nucleic acid drugs were replaced with Cy5-labeled nucle-
ic acids before mixing with polymers. NPs were incubated with cells
at 37°C for the appropriate duration, depending on assay conditions
(6 hours for dual uptake/Gal8 assay, 24 hours for mRNA and siRNA
transfections, and 48 hours for DNA transfections).

For transfections using commercially available reagents, Lipo-
fectamine 3000 (Thermo Fisher Scientific) was used as instructed by
the manufacturer. 25-kDa branched polyethylenimine (BPEI), 2.5-kDa
linear polyethylenimine (LPEI), and 15-kDa PLL were used at the
highest concentrations that did not cause significant cytotoxicity
[15 (w/w) for BPEIL, 60 (w/w) for LPEIL, and 30 (w/w) for PLL]. PEI
NPs were formulated in 150 mM NaCl solution, and PLL NPs were
formulated in 10 M Hepes buffer (pH 7); all formulations delivered
50 ng of nucleic acids to match the dose delivered by PBAE NPs.

Transfection efficacy was evaluated via flow cytometry using a
BD Accuri C6 flow cytometer (BD Biosciences, East Rutherford,
NJ). For plasmid DNA and mRNA transfections, the expression of a
GFP reporter gene was quantified by normalizing the geometric
mean fluorescence intensity of each NP treatment to that of the for-
mulation achieving maximum expression. Cells previously engineered
to constitutively express GFP (48) were used for siRNA knockdown
transfections, and the percentage of cells positively expressing GFP
when gated against untreated cells in wells treated with siRNA
targeting GFP was normalized against that of wells treated with
noncoding control siRNA.

Dual NP uptake and Gal8 endosomal disruption assay

NPs of matching formulation as those used for transfection experi-
ments were used to deliver nucleic acid cargo containing 20%
Cy5-labeled nucleic acids to enable visualization of NP uptake. NPs
were incubated with Gal8-mRuby" cells for 6 hours (assay time
point optimized in fig. S1), at which point NPs and cell culture me-
dium were removed and cells were washed with PBS and fixed with
10% formalin for 10 min at room temperature. The formalin was
then removed, cells were washed with PBS, and Hoechst nuclear stain
(1:5000 in PBS) was applied for 10 min. NP uptake and Gal8-mRuby
endosomal escape were then quantified by high-content imaging
analysis of Cy5 and mRuby puncta per cell, respectively, using a
CellInsight CX7 LZR high-content imager (Thermo Fisher Scientific)
with HCS Studio analysis software.

NP formulation for in vivo studies
All animal work was done in adherence of the policies and guidelines of
the Johns Hopkins University Animal Care and Use Committee.
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NPs for in vivo mRNA delivery were formulated at 30 (w/w). mRNA
was dissolved in MgAc,, while polymer and the PEG-lipid DMG-
PEG2k (10% by mass) were dissolved in 100% ethanol. The mRNA
and polymer-PEG-lipid solutions were mixed via pipetting at 1:1
volume ratio, and NPs were allowed to self-assemble at room tem-
perature for 10 min. NPs were then dialyzed against cold PBS at 4°C
for 75 min using Spectra/Por Float-A-Lyzer G2 dialysis devices
(Repligen, Waltham, MA) with 50-kDa molecular weight cutoff. NP
volume after dialysis was adjusted with PBS for a final mRNA con-
centration of 0.1 mg/ml. NPs were administered to animals via
100-pl tail vein injections for a final dose of 10 ug of mRNA
per animal.

To investigate the effects of PEGylation and dialysis on in vivo
mRNA expression, NPs with no PEG-lipid and no dialysis were for-
mulated in 25 mM MgAc; at the same final mRNA concentration
and weight-to-weight ratio as above. Sucrose solution (500 mg/ml)
was used to bring the mixture to isotonicity.

fLuc mRNA in vivo bioluminescence

NPs encapsulating fLuc mRNA were formulated as described above
and administered to 6- to 7-week-old male BALB/c mice via lateral
tail vein injection. Whole-body bioluminescence was assessed 24 hours
after injection. p-Luciferin potassium salt solution (25 mg/ml in
PBS; Cayman Chemical Company, Ann Arbor, MI) was adminis-
tered to mice via 150-ul intraperitoneal injection, and mice were
imaged using the IVIS Spectrum Imager (Perkin Elmer, Waltham,
MA) 10 min later. The same animals were euthanized immediately
after whole-body imaging via cervical dislocation, and select organs
were extracted, submerged in p-luciferin solution (250 ug/ml), and
imaged with IVIS.

Cre mRNA delivery to Ai9 mice

NPs encapsulating Cre mRNA were formulated with DMG-PEG2k
and dialyzed in PBS as described above. NPs were administered to
6-week-old male Ai9 mice via tail vein injection, and tdTomato ex-
pression following Cre-Lox recombination was allowed to accumu-
late for 3 days, at which point animals were euthanized via cervical
dislocation. Select organs were extracted and dissociated by a 1-hour
incubation in collagenase (2 mg/ml) at 37°C followed by mechanical
pressing through a 70-pum cell strainer. Cells were pelleted by cen-
trifugation, the supernatant was removed, and red blood cells in the
cell pellet were lysed by incubating in ACK (ammonium-chloride-
potassium) lysing buffer (Quality Biological, Gaithersburg, MD) for 1 min
at room temperature. Cells were diluted in PBS, passed through a
100-pum cell strainer, pelleted by centrifugation, and resuspended
in fluorescence-activated cell sorting (FACS) buffer (2% FBS in
PBS with 0.02% sodium azide). Surface staining of cells with fluores-
cent antibodies was then performed using the antibodies and dilu-
tions listed in table S1 in FACS buffer for 30 min at 4°C, at which
time cells were washed twice and resuspended in FACS buffer for
further analysis. FACS experiments were performed using an Attune
NxT flow cytometer (Thermo Fisher Scientific) and analyzed using
Flow]Jo software (FlowJo, Ashland, OR). Gating strategies to identify
cell populations are provided in fig. S13.

In vivo NP safety profile

Hepatotoxicity after a single intravenous injection of mRNA NPs
was assessed by collecting blood from animals 24 hours and 7 days
after treatment. Serum was collected by centrifugation at 1500 relative
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centrifugal force for 15 min, and AST and ALT activity assays
(Sigma-Aldrich, St. Louis, MO) were performed according to the
manufacturer’s instructions. Body mass was monitored daily. Un-
treated animals were used as controls.

Graphical illustrations
Graphical illustrations were created using BioRender (https://
biorender.com/).

Statistical analysis

Curve plotting and statistical analysis were performed using Prism 8
(GraphPad, La Jolla, CA). Data are shown as means * SD for groups
of three or more replicates or as individual values with the mean
indicated. Unless otherwise stated, the absence of statistical signifi-
cance markings, where a test was stated to have been performed,
signifies no statistical significance. The statistical tests used for each
figure are indicated in the figure captions. Statistical significance is
denoted as follows: *P < 0.05, **P < 0.01, ***P < 0.001, and
¥¥**P < 0.0001. n.s., not significant.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abk2855

View/request a protocol for this paper from Bio-protocol.
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